This paper presents a study of heat transfer to turbulent air flow in the abrupt
Introduction
Enhancements of the heat transfer in many practical applications are obtained by some modifications of design. The phenomenon of separation flow represents one of the most important applications to improve the heat transfer rate in thermal systems and occurs due to the change in the cross-section of the passage. The fluid flow in a sudden expansion or contraction and over backward or forward-facing steps are good examples of know separation and recirculation flow. Ota and Kon [1] adopted the effect of the separation flow on the heat transfer over a flat plate. The heat transfer to the air flow in the separation, re-attachment, and re-development regions over a flat plate was experimentally studied and Ota and Kon [1] observed the effect of separation flow on the enhancement of the heat transfer. Vogel and Eaton [2] conducted two-dimensional studies of combined heat transfer and fluid dynamic measurements down-stream of a backward-facing step. The results showed correlations between the heat transfer coefficient and the Reynolds number by using the local skin friction. During the last decades there are many experimental and numerical studies concerned thermal performance using different geometries and types of fluids. A good example for thermal performance could be found at fluid flow over single or double forward-facing step [3] [4] [5] [6] , over single-double backward-facing step [7] [8] [9] [10] , through the sudden expansion [11] [12] [13] , and through the sudden contraction [14, 15] . The results obtained indicated that thermal performance increases of step height, Reynolds number, and volume fraction of nanofluids. With the development of high accuracy in devices, there have been experimental studies find the positions of the separation and re-attachment points for turbulent and laminar flows. Armaly et al. [16] , Eaton et al. [17] and Adam and Johnston [18] used direction probes of a wall-flow for measuring the positions of the points while Lee and Mateescu [19] used multi element hot-film sensor arrays for measuring the separation and re-attachment lengths of flow over facing step. Smyth [20] measured local heat transfer rates of air flow in a sudden enlarged tube with a Reynolds number up to 5•10 4 and compared the experimental results with predicted results. The results showed that the Nusselt number decreased in the separation region and increased in the re-attachment region. Baughn et al. [21] have experimentally studied the air flow and heat transfer in a circular pipe with a sudden expansion at a constant heat flux. The experiments were conducted with Reynolds numbers between 5300 to 87000 and expansion ratios of 0.266 to 0.800. They noticed the increase of the Nusselt number with an increase of the expansion ratio and Reynolds number. The same trends were obtained previously by Ede et al. [22] for water. In contrast, Zemanick and Dougall [23] obtained different results for air flow at Re above 30000, especially at the peak of the Nusselt number. Said et al. [24] carried out a numerical study of the heat transfer to fluid flow in an abrupt expansion with Re at 4•10 4 to 5•10 4 , an expansion ratio from 0.2 to 0.6 and a Prandtl number from 0.7 to 7. They observed that these boundary conditions have a significant effect on the mean time average Nusselt number with Prandtl number greater than unity. El-Shazly et al. [25] performed experimental studies on heat transfer to air flow in sudden expansion with Re from 7760 to 40084 and an expansion ratio of 0.32, 0.49, and 0.61. They found an improvement of the heat transfer with an increase of the expansion ratio and the Reynolds number. Dae et al. [26] conducted an experimental and numerical study of heat transfer to air flow in sudden expansion and contraction of a circular pipe for the Reynolds number range of 4300 to 44500 and an expansion ratio of 0.4. The maximum Nusselt number was obtained at a step height between 9 and 12 in the whole range of Re numbers, and the experimental results agreed with the numerical results. Zhang et al. [27] performed investigations of the heat transfer to supercritical CO 2 flow in a symmetric sudden expansion duct. They showed the increase of the Nusselt number with the increase of the heat flux and the Reynolds number. The authors also showed that the re-attachment length on the lower wall increased but decreased on the upper wall. Recently, to enhance the heat transfer rate, some researchers [28] used the techniques of sudden the expansion of channels with swirl generators, such as spiral springs of different pitches and propellers. They observed an enhancement of the heat transfer in sudden expansion, as reported by others.
Other investigations for annular channels with sudden expansion were conducted by Shuja and Habib [29] . They studied the heat transfer to separated flow in annular diffusers with expansion by changing the wall angle of an annular passage. An enhancement of local heat transfer coefficient was observed with the increase of the wall angle of annular diffusers. In addition, Togun et al. [12] experimentally studied the heat transfer to air flow in sudden expansion for a concentric annular pipe with a heated outer pipe heated, and they observed an increase of the local heat transfer coefficient by increase of the step height, the Reynolds number and the heat flux. This paper experimentally studied the effect of turbulent separation air flow on the augmentation of heat transfer performance on inner and outer heated pipe of the test section. The boundary conditions are covered by Reynolds numbers from 5000 to 30000, expansion ratios from 1.25 to 2, and heat fluxes between 1000 and 4000 W/m 2 . Experimentally generated new data will help in the design of high efficiency heat exchangers.
Experimental apparatus

General description of the apparatus
The experimental set-up consists of two parts, where the first part is an open air circuit and the other part is for measurement, as shown in figs. 1 and 2. Figure 1 represents a diagram of the experimental set-up, consisting of a blower (B) for the delivery of variable velocity air by an inverter controlled blower, and an aluminum delivery pipe (P) that is 10 cm in diameter and 200 cm in length, which transfers air to a settling chamber that has honeycomb (H) for filtering air. A flow meter (F) is mounted on the delivery pipe at 15D from blower to measure mean velocity where that calm length considered achieving a fully developed flow. The entrance pipe (E) has a variable inner diameter (d = 10, 8, 6, 5 cm) and length (150 cm), and the outer pipe of the test section (O) is heated with uniform heat flux and has constant diameter (D = 10 cm) and length (100 cm).The inner pipe of test section has a 2.5 cm outer diameter (d o ) and a total length of 290 cm, which has two parts: the first is unheated (N1) (length 190 cm) and fixed at the center of settling chamber (S), and the second part is heated (N2) (length100 cm). The upstream pipe (E) is connected with the downstream pipe (O) by four flanges according to the diameters of the upstream pipe used in the experimental set-up. The inner pipe downstream region is subjected to a uniform heat flux. The two piping parts of the inner pipe are joined by a teflon flange to avoid conduction heat transfer to the upstream region as shown in fig. 3 . Two layers of fiber glass (L; with a thickness of 20 mm) are applied to cover the outer pipe of the downstream section to reduce surrounding heat losses. There are two thermocouples (T1, T2) in the settling chamber, and three thermocouples(T3, T4, T5) are located at the end of the outer pipe of the test section to measure the inlet and outlet air bulk temperatures, respectively.
Open circuit
Method of heating
The heater rod (R) is approximately 1 meter long and its power (2 kW) supply is located at the center of the inner pipe of the test section. To avoid contact resistance and to ensure only the transfer of heat by conduction, the left over space of the inner pipe is filled with epoxy (M), which has high thermal conductivity, as shown in fig. 3 . Twenty-three thermocouples of type (k) are used for measuring the surface temperatures of the inner pipe. The thermocouples are installed below the outer surface of inner pipe, as shown in fig. 3 . The outer pipe of the test section is heated by a uniform coil heater made of nickel chrome. The 23 thermocouples located on the outer pipe were installed by making holes up to approximately 2 mm near the inner surface. Three thermocouples were located on the outer surface of the outer pipe, and three thermocouples were fixed on fiber glass (T) located at the inlet, the middle and the end of the outer pipe of the test section and the insulation fiber glass to measure the heat conduction losses to the surroundings, as shown in fig. 1 . All thermocouples were connected by wires to the digital electronic display unit for data collection. The specifications of the digital temperature indicator are presented in tab. 1.
Electrical heating circuit
The electrical heating circuit consists of two variac to regulate the input current to the rod and coil heater and then provide a uniform and constant heat flux. A digital ammeter was used to measure the heater current and a digital voltmeter to measure the voltage of heater power supply. More details about the specifications of the measuring devices are shown in tab. 1.
Experimental procedure
The experimental procedure was as follows: -a suitable entrance pipe diameter was selected to obtain the required expansion ratio, -all the instruments were calibrated to being used for data tuning, -the blower-discharged air at different velocities was obtained by turning a regulator connected to the blower, -the variac was regulated to supply the required heating current to the heater, -the steady-state condition was achieved after 2 hours in each experimental observation. However, at every half an hour increment from the beginning, the readings were taken to observe the rate of increase of temperature. The subsequent runs for other Reynolds numbers and height ranges were conducted by following the same procedure, -during experiment two runs at the same condition were performed to provide data reproducibility. It was observed that the acquired data were correct within ± 2% accuracy and 95% confidence level, and -for each test run, the following readings were recorded: the heater current in amperes, the heater voltage in volts, the readings of all thermocouples in °C, and the step height in mm.
Data reduction
The heat transfer from the test section can be calculated from the input power to the heater by Ohm's law:
The total heat generated (Q t ) = power, Convection heat transfer (Q c ) to flowing air is represented by eq. (2):
where Q loss is the heat losses from the outer pipe and the fiber glass to the surroundings. The total losses due to conduction from the outer pipe and the fiber glass can be calculated by eqs. 
where (r o ) pipe is the outer radius of the outer pipe and ( r o ) fiber is the outer radius of the fiber glass, (r i ) pipe is the inner radius of the outer pipe, and outer (r i ) is fiber inner radius of the fiber glass. The convection heat flux is given by Holman [30] :
where A s is the surface area. The local heat transfer coefficient is given by Holman [30] :
where T sx measures the local surface temperature. T b is the bulk air temperature and is calculated by T b = (T i + T 0 )/2 [30] . The Reynolds number based on the hydraulic diameter is given by Holman [30] : The local Nusselt number based on the length of the test pipe is given by Holman [30] :
The ratio of the augmentation of heat transfer could be calculated by eq. (8) S S=0 S Nu Nu 100% Nu
where Nu s and Nu s = 0 are defined as the average Nusselt number with a step and without a step, respectively.
Results and discussion
The experimental measurements in the present paper include both the surface temperatures for the inner and outer pipes with a heat flux from 1000 to 4000 W/m 2 , a Reynolds number from 5000 to 30000, and an aspect ratio from 1.25 to 2.
Validation of the data
For validation the data, the results were compared at Reynolds number of 30000 with expansion ratio 2 and different heat fluxes with the experimental results of Togun et al. [12] at expansion ratio 1. 
Uncertainty analysis of the test results
The uncertainty analysis of the measured data along with related parameters as found from the data reduction procedure is presented in tab. 2 and is assessed based on the error propagation method [31, 32] . 
Distribution of surface temperatures
The distribution of the surface temperature on the outer and inner pipes at a heat flux of q = 4000 W/m 2 and Re = 30000 for different expansion ratios are shown in fig.  6 and 7, respectively. The trends of the surface temperature are same on both the inner and outer pipes at an expansion ratio D/d = 1 (without step), but this behavior became different with the increase of the expansion ratio, where the surface temperature on the outer pipe decreases at the inlet region and then increases towards the exit. With an increase of the expansion ratio, the surface temperature on the inner pipe increases at the inlet region, then decreases suddenly and increases again at the end. The reduction of the surface temperature on the outer and inner pipes represents the re-circulation region, and the location of the re-attachment point at the inlet of the outer pipe contrasts with the location after inlet region for inner pipe. Generally, the effect of the expansion ratio on the distribution of the surface temperature appears clearly at the inlet region of the outer pipe and after the inlet region of the inner pipe, where the minimum of the surface temperature represents the re-attachment point and, before that, the re-circulation region, which causes an enhancement of the heat transfer due to turbulence enhancement. The increase of the re-circulation region results from the increase of the expansion ratio, which leads to an increase of the augmentation of the heat transfer. Figures 8 and 9 show the distribution of the surface temperature for the outer and inner pipes at an expansion ratio of D/d = 2 and a Reynolds number of Re = 30000 for different heat fluxes. The results showed an increase in the surface temperature of the inner and outer pipes with an increase of the heat flux at the same Reynolds number and expansion ratio. In addition, figs. 10 and 11 show the effect of the Reynolds number on the surface temperature of the test section, where the decrease of the Reynolds number leads to an increase of the surface temperature at the heat flux q = 4000 W/m 2 and the expansion ratio D/d = 2. 
Local Nusselt number in abrupt expansion
The experimental data were reduced by equations (1)- (8) , and Reynolds numbers of Re = 5000, 10000, 20000, and 30000. The local heat transfer coefficient was calculated by using eq. 5 to determine the local Nusselt number from eq. 7.
The variation of local Nusselt number (Nu x ) on the outer and inner pipes at an axial distance (X) for heat flux q = 4000 W/m 2 and an expansion ratio D/d = 2 are plotted in figs. 12 and 13, respectively. The local Nusselt number for the outer pipe increases with an in- crease of the Reynolds number at the inlet region to reach the maximum value at axial distance 1.64 m and then decreases towards the end. In contrast, the local Nusselt number for inner pipe decrease at the inlet region and then increases up to 1.7 m in axial distance then again decreases up to the exit. The obtained increment of the Nusselt number for the outer and inner pipes represents the enhancement of the heat transfer rate. Figures 14 and 15 show the effect of the expansion ratio on the local Nusselt number for the outer and inner pipes at a heat flux q = 4000 W/m 2 and a Re = 30000. The augmentation of the heat transfer is observed with the increase of the expansion ratio for both the outer and inner pipe; thus, the local Nusselt number is enhanced with the increase of the expansion ratio due to recirculation flow. 
Figure 14. Variation of the local Nusselt number
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Performance evaluation
The average Nusselt number with Reynolds numbers at different expansion ratios and a heat flux of 4000 W/m 2 are presented in figure 16 and 17 for the inner and outer pipes, respectively. Increase of average Nusselt number observed for both inner and outer pipe with increase of Reynolds number and expansion ratio. Moreover, when both Reynolds number and expansion ratio increases the recirculation region increased hence increment in Nusselt number. The highest average Nusselt number was obtained at expansion ratio D/d = 2 and a Reynolds number of 30000 for the inner and outer pipes. The obtained augmentation of heat transfer was defined by a ratio of (Nu S -Nu S=0 ) to (Nu S ) varied from 4-63% , and 11-78% for outer and inner pipes, respectively. 
Conclusions
Heat transfer to turbulent air flow in the abrupt axisymmetric expansion of an annular pipe was experimentally studied. From the experimental results, the following conclusions can be written. y The surface temperature for outer pipe is decreases at the entrance region due to recirculation flow generated by sudden expansion. y The surface temperature for inner pipe is increases at the entrance region then decreases suddenly for the secondary recirculation flow and increases again at the end. y The surface temperatures on the outer and inner pipes have same trend after Recirculation region. y Increase of heat flux and decease of Reynolds number lead to increases of surface temperature on the outer and inner pipes. y Nusselt number for both the inner and outer pipes increases with increased the expansion ratio for the inner and outer pipes of the test section. y The increase of the local Nusselt number represented the enhancement of the heat transfer rate in the sudden expansion of the annular pipe.
